Abstract A single well tracer test (SWTT) is a method to investigate the residual oil saturation near the wellbore. It presents an important tool to evaluate enhanced oil recovery (EOR) processes. For EOR evaluation, two SWTTs (one before and another after EOR application) can be used to estimate the reduction in S or due to the application of an EOR process. The change in S or is a measure of the incremental oil recovery of the applied EOR technology. In this work, we use University of Texas Chemical Flooding Simulator to guide the design of SWTTs that will be later run to evaluate chemical flooding potential. First, we perform thorough sensitivity simulations using an idealistic homogeneous model. Second, we perform simulations using a realistic model, which was generated based on the selected evaluation well (Well-X). In the sensitivity runs, we investigate the effects of various parameters such as partitioning coefficients, reaction rates, injection rates, injection volumes, and shut-in times. Based on the results, we provide recommendations for designing the SWTTs. Furthermore, simulations using the Well-X model suggest an incremental oil recovery factor of 14.7 % OOIP due to surfactant-polymer flooding. This is consistent with lab data and provides assurance to multi-well field applications. More importantly, those simulation results support the utility of SWTTs in evaluating chemical flooding potential. Based on the results, we expect to observe distinct back-production peaks, clear separation between the reactive and product tracers, and measurable variation in separation due to chemical EOR application that can be categorically analyzed.
Introduction
A single well tracer test (SWTT) is a method for measuring residual oil saturation near the wellbore. It provides an efficient mean of confirming laboratory results at the wellscale and in situ (in the reservoir). This method is nondestructive (i.e., after the test, the formation is returned to its original condition). For this reason, multiple oil saturation measurements from a single well are feasible (Oyemade 2010) .
The use of tracers for saturation measurement depends on chromatographic retardation of two tracers, one is soluble in both water and oil and another only soluble in water. Thereby, when transported a given distance, the two tracers exhibit different times of flight (Tomich et al. 1973; Sheely 1982) . In a single well application, one of those two tracers is generated in situ. This is done by injecting a reacting tracer, which is soluble in both water and oil. After the reacting tracer is pushed to the desired depth of investigation, the well is shut-in for few days to allow hydrolysis of the reacting tracer. Upon hydrolysis, this reacting tracer yields another (product) tracer that is only soluble in water (Cockin et al. 1998) . In this way, before back production the two tracers are located at the same distance from the well. When the well is opened for production, the reacting tracer lags relative to the product tracer. This is due to the partitioning of the reacting tracer between the mobile aqueous phase and the stationary residual oleic phase (Haggerty and Schroth 1998) . Thus, through monitoring effluent concentrations of the reacting and product tracers, the residual oil saturation can be determined from the time lag of the two peaks ( Fig. 1 ).
An SWTT is typically performed in a production well with the following injection procedure:
(a) Water injection to establish the water flooding residual oil saturation in the zone of investigation. (b) Tracer injection in which a water solution of the reacting tracer is injected. This solution typically includes two additional tracers: a cover tracer and a material balance tracer. (c) Chase water injection by which the reacting tracer is pushed to the desired depth of investigation. This water solution will include the material balance tracer but not the cover tracer. (d) Shut in for two to seven to allow sufficient hydrolysis of the reacting tracer and hence detectable amounts of the product tracer and (e) Back production and monitoring for 1-3 days in which the produced liquid is sampled regularly to measure tracers' concentrations and establish their production profiles.
Clearly, an SWTT program involves many variables such as injection volumes and rates, shut-in time, and reacting tracer's concentration, reaction rate and partitioning coefficient. The design of a successful SWTT should consider the various variables in play in light of the inherent reservoir uncertainties especially those in residual oil saturation, heterogeneity, and dispersivity. An appropriate tracer in terms of reaction rate and partitioning coefficient needs to be used. More importantly, the program needs to allow sufficient injection volumes, and tracer back-production. Numerical simulation of SWTTs can guide the design of a successful SWTT.
In this paper, we present a simulation-based sensitivity study for the design of SWTTs. For this purpose, we use the University of Texas Chemical Flooding Simulator (UTCHEM) to investigate the effects of the various design parameters, tracer properties, and underlying uncertainties. UTCHEM was used because it has the capability of modeling a reactive partitioning tracer, as well as surfactant and polymer injection (Sheng 2011) . The base SWTT simulation model A radial grid Initially, we tested both Cartesian and radial coordinate systems. We ran two simulation cases in both Cartesian and radial grids. The two cases had different gridblock sizes (Table 1 ). In the first case, refined cells of 1.5 ft were set around the wellbore, while in the second, larger cells of 3 ft were set around the wellbore. As expected, a Cartesian grid was not well suited for modeling a SWTT. A Cartesian grid substantially increases running time and additionally yields poor predictions. First, for models with equivalent volumes, the total number of cells in a Cartesian grid is 82 times greater than the number of cells in a radial grid. Consequently, a Cartesian grid required a much longer running time (two orders of magnitude higher than times spent using a radial grid, refer to Table 1 ). Second, in terms of the reactive and product tracers' profiles ( Fig. 2) , a big difference between the Cartesian and radial results was evident. This is probably due to numerical dispersion and grid orientation effects.
Refined cells of 1 ft
For the radial grid, we performed preliminary simulations with varying gridblock refinements around the wellbore. Cells of 0.5, 1.0, 1.5, 2.0, and 3.0 ft (Dr) were used. Figure 3 shows the simulation results in terms of the reactive and product tracers' profiles. As expected, due to lower numerical dispersion, higher peak concentrations are obtained with finer grids. However, in terms of the conventional SWTT interpretation which uses the reactive and product tracers' peaks to estimate residual oil saturations, an estimate of residual oil that is consistent with the simulation input value was obtained with refined cells of 1.0 ft.
A 20 ft radius of investigation Injection volume of a single well tracer test mainly depends on the tested interval thickness and the necessary investigation depth. However, large volumes take longer time for injection and back-flow. This can complicate the test results, and consequently increase the probability of failure. Smaller injection volumes yield more ideal shaped and easy to interpret profiles. The test size or volume to be injected is usually controlled by the production rate of the target well. The amount of water that can be produced in 1 day is a normal test volume, and 2 days production is considered as an upper limit (Deans and Carlisle 1988) . For the given conceptual model, the investigation volume is assumed to be 4,350 ft 3 , which is analogous to an investigation depth of 20 ft for an interval that is 15 ft thick.
The base model
Based on those preliminary results, a conceptual radial model with a radius of 5,245 ft and a thickness of 15 ft is used. 100 and 15 cells are used in the radial and vertical directions, respectively. The model is homogeneous with a porosity of 0.23 and a permeability of 600 mD. The remaining input parameters for the base model are shown in Table 2 . In all simulations, unless otherwise stated, those base input parameters are used.
SWTT sensitivity simulations and results

Reacting tracer concentration
In a SWTT, the estimate of residual oil saturation depends on effluent concentrations of the reactive and product tracers. The selection of the right injection concentration of the reactive tracer is thus important to generate a detectable amount of the product tracer and to avoid an overuse of the reactive tracer. To investigate the effects of reactive tracer injection concentration, three cases were simulated at concentrations of 5,000, 7,500, and 10,000 ppm. The results are shown in Fig. 4 . At an injection concentration of 10,000 ppm, the product tracer concentration in the effluent is around 200 ppm. Therefore, an injection concentration of 10,000 ppm is recommended, which is close to SWTT data published in the literature (Table 3) .
Partitioning coefficient
The partitioning coefficient (K value) defines the ratio of reactive tracer concentrations in the oil and water phases at equilibrium. It depends on the oil composition, injection water chemistry and reservoir temperature. A reactive tracer K value is measured in the laboratory through batch experiments and at multiple concentrations to ensure a relatively constant value over the range of concentrations expected through the test. A tracer that partitions strongly into the oil phase (i.e., large partitioning coefficient) would prolong the test duration. On the other hand, a tracer with a small partitioning coefficient makes discerning the differences in mean residence times difficult. It has been shown that errors can be minimized by appropriate selection of tracers based on their partitioning coefficient (Deans and Ghosh 1994; Shook and Ansley 2004) . If the residual oil saturation is expected to be high, a tracer with a low K value can be selected and the test can be terminated earlier.
If the residual oil saturation is low, a low K value tracer will not exhibit sufficient retardation for a unique estimate 
and Shook and Ansley (2004) 0:
For instance, with an expected S or of 0.3, a suitable reactive tracer should have a portioning coefficient between 1.2 and 3.5 based on Deans and Ghosh recommendation and between 0.5 and 7 based on Shook et al. recommendation.
To investigate partitioning coefficient effects, five simulation cases were run with K values of 2, 3, 4, 5, and 8. Illustrative simulation results are shown in Fig. 5 . First, the product tracer concentration decreases with an increasing partitioning coefficient. This is since with a higher partitioning coefficient a smaller amount of the reactive tracer is soluble in water and consequently, a smaller amount is hydrolyzed to form the product tracer. Second, with an increasing partitioning coefficient, the separation distance (i.e., lag between the peak of the reacting and product tracers) increases. This is since a reacting tracer with a bigger partitioning have larger amounts soluble in the stationary oil phase, which results in an effective placement that is closer to the well.
Reaction rat
In a SWTT, the tracer reaction is a hydrolysis process (Wellington and Richardson 1994) . A higher reaction rate leads to higher concentrations of the product tracer, and lower concentrations of the reacting tracer (Romero et al. 2012) . If reaction rate is too high, much of the product tracer will be generated during the injection phase (rather than the shut-in phase), which affects the normal distribution of its back-production profile. On the other hand, a low reaction rate requires a longer reaction time (shut-in time) to form detectable concentrations of the product tracer. To investigate reaction rate effects, we simulate five cases with different reaction rates of 0.005, 0.25, 0.05, 0.1, and 1 day -1 . Those reaction rates were selected based on the range of hydrolysis rates reported by Deans and Ghosh (1994) . Illustrative simulation results were shown in Fig. 6a and b . When the reaction rate is higher than 1.0 day -1 , the reacting tracer concentration is too low and the product tracer concentration is too high. On the other hand, when the reaction rate is lower than 0.005 day -1 , the concentration of the product tracer is too low and difficult to monitor. For reaction rates between 0.025 and 0.1 day -1 , Fig. 6b , concentrations of both the product and reacting tracers are in the right range. In comparison to product tracer concentrations reported in the literature, it is reasonable to select a reacting tracer with reaction rates between 0.05 and 0.1 day -1 , for the target reservoir condition.
Shut-in time
Shut-in time is the period in which the reacting tracer is allowed to hydrolyze and form the product tracer. Five simulations were performed with different shut-in times of 1, 2, 2.5, 3, and 4 days. As expected, Fig. 7 shows that longer shut-in times lead to higher product tracer concentrations. In practice however, cross flow and dispersion (phenomena that are not accounted for in those five simulation runs) could disturb the residual oil saturation interpretation especially for a longer shut-in time. Therefore, and due to operational considerations, shut-in times should be reasonable. Based on the simulation results, a shut-in time between 2 and 3 days is sufficient to meet the test requirement. Accordingly, the recommended shut-in time is 2.5 days.
Dispersivity
We simulate three cases with varying longitudinal dispersivities of 0, 0.5, and 1 ft. Figure 8 shows the simulation results. First, with an increasing longitudinal dispersivity, the peaks of both the reacting and product tracers shift to the left and the concentration profiles become more skewed. This can cause difficulties in interpretation of the SWTT results. Second, tracer concentrations decrease with an increasing longitudinal dispersivity.
Residual oil saturation
The key task of a SWTT is to estimate the residual oil saturation. Cases were simulated to understand effects of different residual oil saturations. Residual saturations of 0.2, 0.28, and 0.35 were simulated and the associated relative permeability curves are shown in Fig. 9 . Simulation results are shown in Fig. 10 . The results indicate that with increasing residual oil saturation the peak of the product tracer shifts to the left, and consequently the separation distance (lag between the reacting and product tracer) increases. This is since a higher residual oil results in an effective placement that is closer to the well.
Shut-in time and reaction rate
There are close relationship between shut-in time and reaction rate. Low reaction rates need longer shut-in Fig. 5 Partitioning coefficient effects on simulated backproduction profiles time. As such, additional simulation cases were run to better understand the relationship between shut-in time and reaction rate. The parameters used in those simulations are summarized in Table 4 . In those three cases, reaction rate times shut-in time is kept at a constant value of 0.125. Figure 11 shows the simulated results. Despite using the same value of shut-in time multiplied by reaction rate, the concentration profiles for both tracers vary. The relation between reaction rate and shut-in time is not linear between them and the reaction rate has a larger effect on tracer concentrations than shut-in time.
Sensitivity-based recommendation
Based on the previously reported sensitivity simulations, the following values or ranges are recommended for designing the SWTT program. Chemical EOR efficiency evaluation using a SWTT
Candidate well
Well-X is a candidate well for chemical EOR efficiency evaluation using a SWTT. The perforation interval is 15 ft, which is a suitable thickness. Based on logging data, porosities along the wellbore vary from 0.16 to 0.31 with an average of 0.254. Furthermore, using previously established porosity-permeability transforms for the given reservoir, permeabilities along the wellbore vary from 5 to 1,137 mD with an average of 431 mD. Figure 12 shows the porosity and permeability distribution in vertical direction. Few layers exhibit permeabilities that are high (higher than twice the average permeability).
Operational program Figure 13 summarizes the SWTT program for Well-X. Here, 1 PV represents the volume of investigation. The program includes two SWTTs before and after surfactant polymer flooding. In the surfactant polymer-flooding phase, 0.7 PV will be injected. In injection order, the chemical slug will consist of 0.1 PV of a conditioning Fig. 7 Shut-in time effects on simulated back-production profiles Fig. 8 Longitudinal dispersivity effects on simulated back-production profiles polymer slug, 0.4 PV of a sloppy surfactant-polymer slug, and 0.2 PV of a chase polymer slug. Concentrations of the polymer and surfactant are 2,000 ppm and 0.2 wt%, respectively. This chemical slug will be followed with chase water. At an injection rate of 1,600 bbls/day, which is equivalent to the volume of investigation (Table 5) , the whole program will be completed in 1-month.
SWTT Interpretation
For actual results, analytical and/or numerical approaches can be used to interpret the SWTT back-production. Analytically, the residual oil is
where K is the partitioning coefficient of the reactive tracer, and b is the retardation factor estimated based on the tracers back-production peaks
where Q r and Q p are respectively the reactive and productive tracers' peak times in cumulative production volumes.
Simulation model
In previous simulations, we used a conceptual homogenous model. In reality, reservoirs are heterogeneous. In simulations of a SWTT, reservoir properties around the wellbore can be assumed to be homogeneous in the areal direction but not in the vertical direction. Variations in the vertical direction can lead to substantial variations in the distribution and saturations of the remaining oil. Therefore, capturing those vertical heterogeneities might be necessary to successfully simulate the SWTT. A simulation model for Well-X was set up based on those properties interpreted from log data (Fig. 12) . As for the conceptual case, we use 100 cells in the areal direction with grid refinement around the wellbore. In the vertical direction, we use 50 cells (layers) to represent the permeability distribution along the wellbore. Figure 14 shows the permeability and porosity distributions in the model, which reasonably reflects the geological model (refer to Fig. 12 ).
Chemicals input parameters
Based on the previous sensitivity simulations, a reactive tracer with a reaction rate of 0.05 day -1 and a partitioning coefficient of 3 is used. The surfactant and polymer are selected based on previous laboratory screening and evaluation . Input parameters, capturing the properties and effects of the selected surfactant and polymer, were previously generated ) and used in this study. Those parameters were generated based on laboratory measured properties of the selected surfactant and polymer and were further tuned through history matching a set of core flooding experiments.
Simulation results Figure 15 plots the simulated tracers' back-production before and after chemical flooding. From such results, estimates of the remaining oil saturations can be obtained. Based on Fig. 15 , back-production results (Table 6) , and Eqs. , the residual oil saturations are estimated to be 0.326 and 0.211 before and after chemical flooding, respectively. Those estimates are close to the residual oil saturations of the inputted relative permeability sets. Finally, the 
Conclusions
We use UTCHEM to guide the design of SWTTs that will be later run to evaluate chemical flooding potential. First, we perform thorough sensitivity simulations using an idealistic homogeneous model. Second, we perform simulations using a realistic model, which was generated based on the selected evaluation well. Based on the sensitivity simulations, we provide recommendations for designing the SWTTs program.
(1) A reactive tracer with a partitioning coefficient between 3 and 4 and a reaction rate between 0.05 and 0.1 day -1 is desired. (2) A reactive tracer concentration of 10,000 ppm is sufficient. (3) A shut-in time of 2.5-3 days is recommended. Additionally, based on the literature (4) an injection volume that is equivalent to daily production (5) an injection rate that is equivalent to the average daily production rate, and (6) a tracer slug around 15 % of the total injected volume are recommended. Furthermore, the realistic simulation results, confirm the further reduction in residual oil saturation due to chemical flooding. An incremental oil recovery of 14.7 % OOIP is expected due to the application of chemical flooding, which is consistent with our previous coreflooding results. Moreover, those simulation results support the utility of SWTTs in evaluating chemical flooding potential. We expect to observe distinct back-production peaks, separation, and variation due to chemical flooding that can be categorically analyzed. Fig. 15 Simulated backproduction profiles before and after chemical flooding 
